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The training effect of a NiO~001!/Fe~110! heterostructure is studied from magnetic hysteresis loops mea-
sured by superconducting quantum interference device magnetometry. Consecutive hysteresis loops exhibit a
decreasing exchange bias effect. This behavior is known as the training effect, which reflects the dependence
of the exchange bias field on the antiferromagnetic interface magnetization. In order to evidence this depen-
dence, we study the decrease of the total saturation magnetization of the heterostructure for an increasing
number of hysteresis cycles. Assuming proportionality between the interface magnetization and the total
saturation magnetization, the description of the data is consistent within the phenomenological Meiklejohn
Bean approach.
DOI: 10.1103/PhysRevB.66.092409 PACS number~s!: 75.60.2d, 75.70.2i, 75.70.Cn
Ferromagnetic ~FM! hysteresis and, in particular, hyster-
etic reversal of the magnetization in exchange bias ~EB! het-
erostructures are both nonequilibrium phenomena from a
thermodynamic point of view. The latter one describes a cou-
pling phenomenon between the FM and an antiferromagnetic
~AF! pinning layer, which gives rise to a shift of the FM
hysteresis loop along the magnetic-field axis by an amount
HEB the exchange bias field. EB in the case of compensated
AF interfaces requires AF domains or other symmetry-
breaking elements, which are able to create a net magnetiza-
tion of the antiferromagnet, which gives rise to exchange
coupling with the ferromagnet. Although mechanisms of do-
main formation like random fields1–3 or piezomagnetism,4–6
depend on the particular AF system, the AF domain state of
a three-dimensional systems is, as a rule, metastable. This
gives rise to nonequilibrium phenomena in the temperature
or field driven change of magnetization. Hence it is not sur-
prising that the EB shows a training effect as a consequence
of metastability.
The training effect describes the decrease of the EB field
when cycling the system through several consecutive hyster-
esis loops. Let n be the number of such hysteresis loops. One
often finds that the EB field after n loops, HEB
n
, can be de-
scribed by the proportionality HEB
n 2HEB
‘ }1/An .7,8 The
training effect in general has its origin in the reorientation of
AF domains at the AF/FM interface which takes place during
each magnetization reversal of the FM top layer.3 As pointed
out by Nogue´s and Schuller a pronounced training effect has
been found in heterosystems involving polycrystalline AF
pinning layers,9–11 while in single-crystalline pinning sys-
tems this effect is expected to be small.8 The grain size of a
polycrystalline AF pinning substrate is an upper boundary
for the correlation length of the AF order parameter. Hence
polycrystallinity limits the long-range AF order and favors
a metastable domain configuration. However, there are
various other mechanisms, like structural disorder at the
interface or impurity induced random fields, which give
rise to AF domain formation and hence make a training
effect possible in heterostructures involving single-
crystalline AF pinning layers. AF domain states have been
extensively studied in the case of NiO.12–18 Indeed, we ob-
serve a distinct training effect when depositing a thin Fe
layer on top of the compensated ~001! surface of a NiO
single crystal.
According to Meiklejohn and Bean19 the exchange bias is
given by
HEB52J
SAFSFM
m0tFMM FM
, ~1!
where J is the exchange integral between the Ni and Fe at-
oms, SAF and SFM are the interface magnetization of the
antiferromagnet and of the ferromagnet respectively, tFM is
the thickness of the Fe film and M FM is the spontaneous
magnetization of the Fe layer. This simple but powerful for-
mula suggests that the AF interface magnetization SAF is
crucial for the EB, as previously shown in Refs. 20 and 21.
In particular, the training effect is expected to originate from
the decrease of SAF with increasing n, because all
other quantities which enter Eq. ~1! are expected to be
independent of n. It is the aim of this paper, to evidence that
the training effect originates from the n dependence of SAF .
For this reason we precisely determine the saturation
value of the magnetization of the total heterostructure and
investigate its cycle dependence. The total saturation magne-
tization contains a constant as well as a cycle-dependent con-
tribution. We show that the latter one exhibits the same n
dependence as the EB field and hence gives rise to the train-
ing effect.
A thin Fe layer of 12 nm thickness has been deposited
under ultrahigh vacuum conditions on top of the compen-
sated ~001! surface of a thin ~0.1 mm! single-crystalline NiO
platelet. Its surface has been cleaned ex situ by ion-beam
sputtering.
The NiO crystal was thermally stabilized at T5142 K
during Fe evaporation at a rate of 0.01 nm/s. This compara-
tively low growth temperature has been chosen in order to
overcome the thermodynamically driven nonwetting behav-
ior with the help of a kinetic growth mode which sets in at
low temperatures. An additional double cap layer of 3.4-nm
Ag and 50-nm Pt prevents oxidation of the Fe film and there
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fore allows ex situ characterization. The inset ~a! of Fig. 1
shows the result of large-angle x-ray diffraction using
CuKa radiation. It exhibits ~110! texturing of the Fe layer in
accordance with the ~110! and ~220! Bragg peaks at
2Q110Fe544.7 ° and 2Q220Fe565.1 °, respectively. The
~002! and ~004! peaks at 2Q002NiO543.2 ° and 2Q004NiO
594.8 ° evidence the ~001! orientation of the surface of the
NiO single crystal in accordance with previous x-ray
analyses.22,23
After growing, the sample was cooled in a planar mag-
netic field of 0.5 T from 673 K down to room temperature
under high vacuum condition. The freezing field possesses a
positive sign with respect to the field axis defined in Fig. 1.
This gives rise to the conventional negative exchange bias
fields quantifying the shift of the loops which start close to
positive saturation magnetization. This field-cooling proce-
dure induces the unidirectional magnetic anisotropy, which
gives rise to the EB. Starting from the virgin state of the
heterostructure we subsequently measured magnetization
hysteresis loops in a planar applied field at T55 K using a
commercial superconducting quantum interference device
~SQUID! magnetometer ~Quantum Design: MPMS-5S!.
The first loop exhibits an EB of 9.51 mT. It decreases with
increasing n down to 5.43 mT for n59. Figure 1 shows the
first and ninth hysteresis loop ~solid and open triangles, re-
spectively! after subtraction of a small diamagnetic back-
ground contribution. The background subtraction turns out to
be crucial for the determination of the absolute saturation
values. Hence we describe the procedure in more detail. The
total moment m which is measured by SQUID magnetometry
reads
m5mFM1mAF1mD , ~2!
where mFM , mAF , and mD are the contributions of the FM
Fe layer, the AF NiO single crystal, and a diamagnetic back-
ground contribution of the sample holder. The latter one is
known to be an odd function of the magnetic field, which
originates from a field-independent susceptibility, xD,0.
The n dependence of m originates from the AF contribution,
mAF . On the one hand, mAF contains the domain induced
contribution which gives rise to the training effect. On the
other hand, the AF susceptibility xAF.0 gives rise to a field-
induced, but reversible, component. Close to the saturation,
where nucleation processes in the magnetization reversal of
the Fe layer are negligible, the FM hysteresis can be de-
scribed by the mean-field approach,24
mFM5mFM
0 LS gmBm0kBT ~H1lmFM ! D , ~3!
where mFM
0 is the saturation moment and L(x) is the Lange-
vin function. In this field regime in good approximation
lmFM is constant with respect to the variation of H which
yields lmFM’lmFM
0
. Using the derivative of Eq. ~3! plus
the additional constant x5xD1xAF , we fit the dm/d(m0H)
vs m0H data of each of the nine hysteresis loops, respec-
tively. As a result we obtain x’21.3431028 Am2/T
from the arithmetic average of the nine particular results. A
typical fit is shown in the inset of Fig. 1 ~solid line!. Only
data close to the saturation where dm/d(m0H)&0 are
involved in the fit. After subtraction of the background signal
the EB field is calculated according to HEB5 12 (HC1
1HC2). The coercive fields HC1 and HC2 are determined
from the intersections of the m vs H data with the field axis,
where HC1,HC2 in accordance with the conventional defi-
nition.
FIG. 2. Cycle-dependence of the exchange bias field ~dot cen-
tered circles! and fit ~solid line! of Eq. ~4! to the data for n.1.
Insets ~a! and ~b! show the cycle dependence of the coercive fields
HC1 ~down triangles! and HC2 ~up triangles!, respectively.
FIG. 1. Magnetic hysteresis curves of the NiO/Fe heterostruc-
ture after subtraction of a linear background contribution. The solid
and open triangles show the first and the ninth hysteresis loop of the
virgin sample after field cooling, respectively. Up and down tri-
angles indicate the up and down branch of the hysteresis, respec-
tively. Inset ~a! displays the x-ray-diffraction pattern with vertical
lines indicating the Bragg peaks. Inset ~b! shows the derivative
dm/d(m0H) ~dot centered squares! of the upper part of the down
branch of one exemplary hysteresis curve. The bold solid line rep-
resents the fit ~see text! to the corresponding data. The thin dotted
line is an extrapolation of this fit to data outside of the fitting inter-
val.
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Figure 2 shows the EB field and the coercive fields @~a!
and ~b!# as functions of n. Obviously the training effect origi-
nates from the n dependence of HC1 while HC2 shows a
qualitatively similar but by far less pronounced dependence
on n. The quantitatively different n dependences of HC1 and
HC2 indicate that the down and up branches of the hystereses
follow different mechanisms of magnetization reversal. A
similar behavior was found on CoO/Co bilayers where co-
herent rotation has been observed at HC2 while domain
nucleation and wall propagation dominates in the vicinity of
HC1.
25–27 Moreover, in this case it was found that the first
magnetization reversal in the virgin state is exceptional in the
sense that pure 180 ° domain-wall movement takes place at
HC1. In accordance with these findings we observe in our
NiO/Fe heterostructure an exceptional large training effect
between the first and the second hysteresis loop. As reported
in very early work7 a similar behavior has been observed for
various EB systems. The best fitted solid line in Fig. 2 shows
that all subsequent data points n^2 of 2m0HEB vs n follow
nicely the proportionality
HEB
n 2HEB
‘ }
1
An
. ~4!
The data point at n51 significantly exceeds the value when
extrapolating the fit to n51 in accordance with previous
investigations.7,8
In order to evidence the correlation between the training
effect for n.1 and the decrease of mAF with increasing n we
calculate the total saturation magnetization of the hetero-
structure after subtraction of xH .
The smallness of the n dependence of the total moment
makes it necessary to take advantage from averaging the m
vs H data of the nth down branch mn(H) according to
mn¯5
1
DH2
E
HC11DH1
HC11DH11DH2
mn~H !dH , ~5!
where DH15149.5 mT and DH25150.5 mT. Although
mAF gives rise to a vertical shift of the hysteresis loop, which
affects the positive as well as the negative part of a branch of
a loop, we restrict our analysis to the positive part of the
down branches, because the corresponding negative and
positive parts of the up and down branches suffer from en-
hanced noise originating from flux creep that takes place in
the superconducting coil of our magnetometer. Note that it is
crucial to subtract the background before calculating mn¯ , be-
cause the interval of integration shifts proportional with HC1.
The shift of the interval of integration as a function of HC1 is
of major importance in order to make sure that the integra-
tion takes place in the same quasisaturated FM state for each
of the nine analyzed branches. Doing so, the above proce-
dure prevents an artificial correlation between mn¯ and HEB .
The inset of Fig. 3 shows the mn¯2mn59¯ vs n data to-
gether with a best-fitted line according to expression ~4!. By
this subtraction the large, but constant FM saturation magne-
tization mFM’103(m1¯2m9¯ ) is eliminated. Obviously, the
decrease of mn¯2m9¯ vs n shows a qualitative similarity with
the n dependence of the EB field in Fig. 2. In order to evi-
dence the simple correlation we plot 2m0HEB
n vs mn¯2m9¯ in
Fig. 3. Note that the values m1¯2m9¯ come close to the limit
of the SQUID sensitivity of approximately 100 pAm2.
Hence it is necessary to determine mn¯ from the statistical
method outlined above. The straight line in Fig. 3 shows the
result of a best linear fit. Within the accuracy of the measure-
ment the data follow the linear behavior apart from the first
point, which is known to reflect an extraordinary behavior.
The data evidence that the training effect is correlated with a
reduction of the AF moment. Unfortunately, an integral
SQUID measurement cannot distinguish between the AF
bulk and interface moment. However, under the assumption
that HEB only depends on the AF interface magnetization a
linear dependence of HEB on SAF can be deduced from the
linearity between HEB and mn¯2m9¯ .
It should be noticed that nonzero AF bulk magnetization
M AF is expected to yield nonlinear contributions propor-
tional to M AFSAF ,28 which are not confirmed by our present
data within experimental accuracy. Instead the simple
Meiklejohn Bean approach of Eq. ~1! which points
out a linear dependence of HEB
n on SAF is confirmed
by our analysis of the training effect in NiO/Fe heterostruc-
ture.
We measured the exchange bias and its training effect of a
NiO/Fe heterostructure by SQUID magnetometry. In accor-
dance with recent results on CoO/Co,27 the training effect
originates mainly from the cycle-dependent shift for HC1
while HC2 remains virtually constant. The training effect is
accompanied by a cycle-dependent decrease of the total satu-
FIG. 3. Correlation between the exchange bias value HEB
n and
the excess moment mn¯2m9¯ of the sample, where the small numbers
inside the squares indicate n. The inset shows the cycle dependence
of the excess moment ~dot centered circles!, a best-fitted line ~solid
line!, and its extrapolation to cycle n51, which is not involved in
the fit.
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ration moment of the heterostructure. We evidence direct
proportionality between the exchange bias and this total mo-
ment. The findings are in accordance with the phenomeno-
logical Meiklejohn Bean approach, where a linear depen-
dence of the exchange bias on the AF interface magnetiza-
tion is predicted.
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